The pleurocarpous moss genus Hypnum s.l. is a species-rich (> 40 species) cosmopolitan genus, of which 21 taxa occur in Europe. Although several of these species show high morphological resemblance there are strong indications that the genus is highly paraphyletic, which may be masked by convergent morphological evolution. Using molecular information, we analyse whether the morphological similarity of gametophytes of the European Hypnum taxa is explained by common ancestry or convergence. We provide a phylogenetic reconstruction of the relationships of the currently recognized European Hypnum taxa in a broad pleurocarpous moss context (192 taxa) using the nuclear ITS1-5.8S-ITS2, the plastid rps4 gene and trnL-F, and the mitochondrial nad5 intron. Bayesian tree topologies show that the genus is polyphyletic, and we retain only the Hypnum cupressiforme complex within Hypnum. The genus originally represented half of the moss species diversity, as it accommodated basically all pleurocarpous mosses; here we retain only seven species and one variety. The remainder of the species where resolved either within the three families Amblystegiaceae, Entodontaceae, and Pylaisiaceae, or in an independent clade that we describe as the new family Stereodontaceae. The Stereodontaceae includes five European species, all in the genus Stereodon, where they were already placed in the 18th century. In addition, we describe the four new genera Aquilonium, Insomniella, Jochenia, and Lignocariosa, and make new combinations for several Hypnum species.
Introduction
The pleurocarpous moss genus Hypnum Hedw. represents a species-rich cosmopolitan genus that has a long history of changing species composition. This actually started with Linnaeus' "Species Plantarum" where all more or less creeping and branched, or pleurocarpous mosses were included in Hypnum (Linnaeus 1753) . According to Linnaeus', nearly half of the moss diversity belonged in one genus. Since then, botanists have tried to sort this ecologically important but often neglected diversity (Ando 1972) . Hedwig (1801) , at the starting point of moss (excluding Sphagnum) nomenclature, distributed the pleurocarpous mosses among four genera. However, Hypnum still contained the vast majority of pleurocarpous species. The treatments by Bruch, Schimper, and Gümbel (1851) , Fleischer (1906 Fleischer ( -1908 Fleischer ( , 1915 Fleischer ( -1923 and Brotherus (1908 Brotherus ( , 1925 introduced the family Hypnaceae Schimp. and reduced the number of Hypnum species to a more realistic number of 60 taxa, a number approaching the present understanding. The name Hypnum comes from Hypnos (sleep), probably since various pleurocarps (not only Hypnum as presently understood) were used as filling of pillows and mattresses. The German name "Schlafmoos" for Hypnum is thus likely just what remains from this wider use of pleurocarps in earlier times. While one can report a constant erosion in species number within Hypnum and the Hypnaceae, a definite taxonomic treatment of the family and its type genus due to morphological characters could sofar not be achieved (Nishimura 1999) .
Molecular phylogenetic studies solved taxonomic issues in many other pleurocarpous families (Huttunen & Ignatov 2004; Huttunen et al. 2013; Ho et al. 2012; Olsson et al. 2009a Olsson et al. , 2009b Olsson et al. , 2010 Olsson et al. , 2011 Pokorny et al. 2012 ) but have so-far been insufficient to provide a solid taxonomic concept for Hypnum or the Hypnaceae due to low levels of information in the used markers (Arikawa et al. 2008; Gardiner et al. 2005; Spagnuolo et al. 2008; Terracciano et al. 2012 ). However, they indicated the paraphyletic nature of the family and instigated regrouping of, for example, the Pylaisiaceae Schimp. (Arikawa et al. 2008; Câmara et al. 2018; Huttunen et al. 2012; Gardiner et al. 2005; Ignatov et al. 2007; Olsson et al. 2009b) . Although different genetic regions have been tested to resolve taxonomic uncertainties, inter-and intraspecific relationships within Hypnum remain unresolved. Especially the H. cupressiforme complex (comprising Hypnum andoi A.J.E. Sm., Hypnum cupressiforme Hedw., Hypnum heseleri Ando & Higuchi, Hypnum jutlandicum Holmen & Warncke, Hypnum lacunosum (Brid.) Hoffm. ex Brid., Hypnum resupinatum Taylor, Hypnum subjulaceum Besch. and Hypnum uncinulatum Jur.) has been a matter of discussion until now (Spagnuolo et al. 2008; Terracciano et al. 2012) . In addition to low genetic variation, the morphological discrimination of species in the H. cupressiforme complex is difficult due to high phenotypic plasticity (Ando 1972; Frahm 2009) , ultimately leading to a controversial debate about the number of taxa within the complex (Smith 1997 and references therein) .
Today, 43 taxa remain in the genus (Frey & Stech 2009 ) and out of these, 21 occur in Europe. The genus in its current sense is characterised as pleurocarpous with creeping to erect, often flattened stems with often more or less complanate or subcomplanate leaf arrangement. Both stem and branch leaves are usually falcate-secund to circinate, ovate to elongate-lanceolate, acuminate to aristate, concave, and occasionally wrinkled. The leaves have a short double costa, which is rarely completely lacking. The differentiated alar cells are few or numerous, transversely rectangular, quadrate or especially near insertion rectangular, thick-walled and coloured or thin-walled and hyaline. The median leaf lamina cells are linear or shortly so, smooth or, in some species, dorsally and distally prorate. Pseudoparaphyllia are present and vary from suborbicular to narrowly lanceolate, and are sometimes branched. So-far, sporophyte characteristics have not been considered for the genus' delimitation (Sauer 2001) .
The genus Hypnum as well as the family Hypnaceae have remained an assortment of species that superficially share similar morphological character states, and have succinctly been termed a "bryological dustbin" (Olsson et al. 2009b) . Here, we aim to resolve the relationship especially of the 21 European taxa that have been referred to Hypnum, within a broad phylogenetic context using four molecular markers from all three genomes.
Materials and methods
Taxon sampling. We aimed to include at least two exemplars from different geographic regions, for each of the 21 European Hypnum taxa, plus H. plumaeforme and H. fauriei. This sampling was embedded in a recent analysis on the origin and diversification of the moss order Hypnales (Huttunen et al. 2012) but was slightly enlarged with taxa that showed affinities with the different species in earlier analyses (Appendix 1). Following Huttunen et al. (2012) , Eriodon was not included in the analyses.
Molecular data. Huttunen et al. (2012) provided a molecular data set spanning four regions: the nuclear ITS1-5.8S-ITS2 (ITS), the plastid rps4 gene, including the trnS-rps4 intergenic spacer (IGS) (rps4) and trnL-F (trnL group I intron and the trnL-F IGS), and the mitochondrial nad5 intron (nad5) which were obtained for the taxon sampling above. Protocols for DNA extractions, PCR amplifications, including primer sequences and sequencing are described in Olsson et al. (2009b) . Voucher specimens and sequence accession numbers are listed in Appendix 1 for the 189 newly generated sequences; the remainder are available in Huttunen et al. (2012) .
Contig assembly, alignment and phylogenetic reconstructions. Consensus sequences of the newly generated pherograms were assembled in PhyDE-1 , available at phyde.de; accessed 2018-01-01) and manually aligned using the alignments of Huttunen et al. (2012) as a scaffold. The indel data was included in the phylogenetic analyses by coding indel events into a separate data matrix with SeqState (Müller 2005) using the simple indel coding (sic) method developed by Simmons & Ochoterena (2000) . In accordance with Huttunen et al. (2012) we slightly enlarged and modified the defined mutational hotspots as a result of the newly incorporated sequences ( Table  1 ). The hotspots were excluded prior phylogenetic analyses. Similarly, the previously reported inversion in the trnL-F IGS (Quandt & Stech 2004 ) as well as a newly observed inversion in the trnL-F IGS of Cladomniopsis crenato-obtusa M. Fleisch. were included as reverse complement (Borsch & Quandt 2009; Quandt et al. 2003) . Gaps were treated as missing data. Phylogenetic reconstructions were performed using a parallel version of MrBayes v3.2.6 on XSEDE on CIPRES with 16 processors (Altekar et al. 2004; Miller et al. 2010; Ronquist et al. 2012) . The data were divided in four partitions: three DNA loci with one partition for each genome (1: ITS, 2: nad5, 3: rps4 & trnL-F,) and the binary coded indels. For each DNA partition an independent GTR+Γ+I model (unlinked) was applied while the indel matrix followed the restriction site model implemented in MrBayes. Two simultaneous runs of Metropolis Coupled Markov Chain Monte Carlo (MC3), both with one cold and seven heated chains, were run for 10 8 generations. Posterior probabilities for trees and parameters were saved at every 1000 generations and parameters for each data partition were sampled independently from each other. The program Tracer v1.7 (Rambaut et al. 2018 ) was used to examine the log likelihoods as well as the effective sampling size and to determine stationarity of the MCMC search. Calculations of the consensus tree and of the posterior probability of clades were performed based upon the trees sampled after the chains converged (>25 %). Two independent Bayesian inferences were performed, one based solely on the combined nucleotide data set with all sequence partitions and a second with the indel matrix appended. In addition, maximum likelihood analyses were run on both concatenated matrices as well as the individual nucleotide partitions, using RAxML v8.2.10 (Stamatakis 2014) on the CIPRES servers (Miller et al. 2010 ) with the GTRCAT model for the nucleotide partitions and the included binary model for the indels in effect. Bootstrap replicates were set to 1000. The original data matrix was thoroughly tested for congruence (Huttunen et al. 2012 ) that lead to the exclusion of Eriodon which we followed here. Nevertheless, likelihood tree topologies of the taxonomically extended individual data sets were checked for significant incongruence prior concatenation. TABLE 1. Location (i.e., absolute position in the combined data set) and corresponding region of mutational hotspots (HS), including the observed inversions (I). The location of the inversion is given with respect to the corrected and analysed matrix (i.e., the inversion is included as reverse complement).
No.
Position Region ( TreeGraph 2 (Stöver & Müller 2010 ) was used to summarize the topology and support from the different analyses ( Figure 1 ). In Figure 1 , support for branches is given on the branches, unless otherwise indicated, for all four combined analyses in the following order: posterior probability from Bayesian analysis without indel coding (pp), pp with indels (pp sic), Maximum likelihood support without indel coding (ML), and ML with indels (ML sic).
Results
DNA sequence data and phylogeny. The total length of the combined and aligned dataset adds up to 8895 nucleotides. After excluding the eight identified hotspots (Table 1) and reverse complementing both observed inversions, 5942 bp remained ( Table 2 ). The nuclear partition made up the biggest part of the cleaned dataset with 3078 bp, followed by the plastid partition (1575 bp) and the mitochondrial region (1289 bp), compare Table 2 . indicate that the phylogenetic reconstruction without indel coding resulted at these nodes in a different branching pattern but without significant support. Otherwise the alternative values are given. The tree is separated into three consecutive parts. Phylogenetic relationships. No significant incongruence of the taxonomically extended individual data sets could be detected. The overall recovered phylogeny matches the results of Huttunen et al. (2012) , thus we refrain from reporting the backbone phylogeny in detail and concentrate on the placement of the included Hypnum and related species (compare Appendix 1). Species of the genus Hypnum are distributed along five different clades including the Amblystegiaceae Kindb., Entodontaceae Kindb., Hypnaceae, Pylaisiaceae and a so far unknown clade (Clade X, Figure 1 ). The other species cluster into their respective families according to Frey & Stech (2009 
Discussion
Our results support former phylogenetic analyses in that Hypnum is polyphyletic (Arikawa et al. 2008; Câmara et al. 2018; Gardiner et al. 2005; Huttunen et al. 2012; Ignatov et al. 2007 ). As supposed by Hedenäs' morphological studies on pleurocarpous mosses in 1989 the species of Hypnum sensu lato are scattered across the crown hypnalean taxa outside the H. cupressiforme complex (Hedenäs 1989 ). Furthermore, our data suggest recognition of several new genera, new combinations, as well as the introduction of a new family, and support the taxonomic changes already implemented for Buckia (Hypum) vaucheri, Pseudostereodon (Hypnum) procerrimus and Roaldia (Hypnum) revoluta (Câmara et al. 2018 ).
As pointed out by Câmara et al. (2018) , the taxonomic placement of Callergionella has been ambiguous in the past. While Cox et al. (2010) resolve the genus within the Pylaisiaceae, it receives a sister group relationship to the Pylaisiaceae, or if included in the family represent the first branching lineage such as in Arikawa et al. (2008) as well as Ignatov et al. (2007) . Although we used more marker regions, we were not able to resolve the position of the genus inside the Pylaisiaceae. However, we corroborate the results of Câmara et al. (2018) and retain Callergionella within the Pylaisiaceae as potential sister group to Roaldia. In addition we recommend including Hypnum dolomiticum in Roaldia. Even though Ando proposed that H. dolomiticum is morphologically not well enough defined to merit species rank, our molecular data show a clear circumscription of H. dolomiticum (Ando 1973) . Furthermore, we suggest extending the Pylaisiaceae by several genera, to accommodate the species H. plumaeforme, H. plicatulum and H. fauriei. Along Câmara et al. (2018) analysis we suggest to allocate H. fauriei into a separate genus that we name Lignocariosa and to re-establish the genus Pseudostereodon (Broth.) M. Fleisch. for H. procerrimum. However, the placement of H. fauriei within the Pylaisiaceae remains unclear. Although Arikawa et al. (2008) excluded H. plicatulum and H. callichroum from the Pylaisiaceae, Câmara et al. (2018) stated that this should be reconsidered, since H. plicatulum clusters together with Herzogiella adscendens, within the Pylaisiaceae, whereas Hypnum callichroum clusters together with H. hamulosum outside the Pylaisiaceae (Arikawa et al. 2008; Câmara et al. 2018) . Our results support the exclusion of H. callichroum from the Pylaisiaceae and the inclusion of H. plicatulum and Herzogiella adscendens. Like nearly all Hypnum taxa, both species have previously been included in Stereodon (Brid.) Rchb. Some authors even synonymized Stereodon with Hypnum (Gardiner et al. 2005) . Stereodon was later lectotypified by Ignatov & Ignatova (2004) with the type species Stereodon callichrous (Brid.) Lindb (= Hypnum callichroum), placed within the Pylaisiaceae. In previous studies as well as in the present study H. callichroum clusters into a separate clade, consequently H. plicatulum and Herzogiella adescens cannot be included in Stereodon and Stereodon itself has to be placed into a new family. We propose to establish a new genus for these species, Aquilonium, with Aquilonium adscendens (Lindb.) Hedenäs, Schlesak, D. Quandt as its type species. These two species have a stem with a hyalodermis and pseudoparaphyllia that are triangular or broadly irregular but are otherwise difficult to differentiate from many earlier Hypnum species by morphology. Additionally, we propose the establishment of a new family named Stereodontaceae Hedenäs, Schlesak, D. Quandt to legitimate the high statistical support for the clade including Stereodon (Clade X, Figure 1) , with, i.a., Hypnum callichroum. This clade further comprises H. hamulosum, H. holmenii, H. subimponens and Breidleria pratensis. Alongside these changes, we suggest an addition to the genera within the Ambylstegiaceae by including Drepanium (Schimp.) C.E.O. Jensen, which clusters as one of the most basal genera of the family. Additionally, the present study suggests, with high statistical support an inclusion of Hypnum bambergeri in Campylium. This association was found already in earlier studies (Ignatov et al. 2007; Gardiner et al. 2005) . Furthermore, H. sauteri should be included into Anacamptodon. Similarly, Hypnum pallescens clusters within the family Entodontaceae and, as already suggested by Gardiner et al. (2005) , a new genus needs to be established to accommodate this species.
Hypnum cupressiforme, the type species of Hypnum, includes a wide morphological diversity. Because the same is true for other taxa within the H. cupressiforme complex, this has frequently lead to discussions regarding the recognition of taxa, and at which level they should be accepted (Smith 1997) . Even though the number of taxa included in the complex has decreased, phylogenetic studies using molecular markers such as ITS and trnL-F were unable to resolve the taxonomic issues (Spagnuolo et al. 2008; Terracciano et al. 2012 ). Despite the low genetic diversity found within the complex by Spagnuolo et al. (2008) , another study -though on a rather limited sampling -with a wider geographical scale and the inclusion of several outgroup species carried out by Terranciano et al. (2012) indicated that H. imponens and H. jutlandicum are distinct taxa (but see Hedenäs 2012) . Some molecular studies even suggested a paraphyly of the H. cupressiforme complex (Arikawa et al. 2008; Terracciano et al. 2012) . This hypothesis is supported by our results, which implicates the enlargement of the monotypic genus Callicladium by Hypnum imponens and a reintegration of Eurohypnum leptothallum into Hypnum, as already suggested by Arikawa et al. (2008) . In addition, our results show four independent clusters within the H. cupressiforme complex. H. jutlandicum, H. andoi and H. uncinulatum cluster together with H. uncinulatum representing the first branching lineage. H. andoi and H. uncinulatum are indistinguishable by our molecular analyses; however, mixed occurrences indicate genetic differentiation (Smith 1997) . Hypnum resupinatum and H. subjulaceum (i.e. H. subcomplanatum) separate into two separate clusters from the H. cupressiforme. Hence, they cannot be considered variants of H. cupressiforme, which is further supported by frequent mixed occurrences. Even though H. lacunosum (i.e. H. cupressiforme var. lacunosum) is rarely found in mixed occurrences with H. cupressiforme (Hedenäs 2012) and forms a separate entity, it is nested within H. cupressiforme, and thus cannot be circumscribed as a separate species. The same accounts for H. heseleri Ando & Higuchi. After more than 200 years of studies, the species of Hypnum can now be comfortably distributed among nine morphologically and molecularly well-defined genera. Although it has lost the throne of being the most speciose moss genus, its fame is still captured on an ordinal level, the Hypnales W.R. Buck & Vitt. The Hypnales, which originated in the upper Cretaceous (Krug 2017 ) and thereafter experienced a rapid radiation (Krug 2017; Shaw et al. 2003) still represent half of the moss diversity. Obviously, convergent evolution has led to similar gross morphology in quite unrelated lineages although, with some exceptions (Huttunen et al. 2008; Olsson et al. 2009b Olsson et al. , 2011 Quandt et al. 2009) , we do at present not understand exactly which environmental factors are crucial to explain various plant habits. We are left with the question why the falcate-secund leaves of Hypnum s.str. and other pleurocarpous moss species are such a successful evolutionary "invention" that they developed numerous times in different pleurocarpous moss lineages? The present study further underlines that the falcate-secund leaves and many other so-called "key characters" that were traditionally used to circumscribe moss taxa, need careful evaluation before they are applied for such purposes.
Taxonomic treatment

Hypnaceae
Hypnum Hedw., Species Muscorum Frondosorum 236. 1801 (nom. cons.) . Other treated taxa: Hypnum andoi A.J.E. Sm., Journal of Bryology 11: 606. 1981 [1982 . Hypnum cupressiforme var. lacunosum Brid., Muscologia Recentiorum 2(2): 136. 1801. Hypnum jutlandicum Holmen & E. Warncke, in Damsholt et al., Botanisk Tidsskrift 65: 179. 1969 APPENDIX 1. Voucher specimens and EMBL/GenBank accession numbers for additionally included taxa in dataset of Huttunen et al. (2012) . Classification is after Frey & Stech (2009 
